Summer simulations over the contiguous United States and Mexico with the Regional Atmospheric Modeling System (RAMS) dynamically downscaling the NCEP-NCAR Reanalysis I for the period 1950-2002 (described in Part I of the study) are evaluated with respect to the three dominant modes of global SST. Two of these modes are associated with the statistically significant, naturally occurring interannual and interdecadal variability in the Pacific. The remaining mode corresponds to the recent warming of tropical sea surface temperatures. Time-evolving teleconnections associated with Pacific SSTs delay or accelerate the evolution of the North American monsoon. At the period of maximum teleconnectivity in late June and early July, there is an opposite relationship between precipitation in the core monsoon region and the central United States. Use of a regional climate model (RCM) is essential to capture this variability because of its representation of the diurnal cycle of convective rainfall. The RCM also captures the observed long-term changes in Mexican summer rainfall and suggests that these changes are due in part to the recent increase in eastern Pacific SST off the Mexican coast. To establish the physical linkage to remote SST forcing, additional RAMS seasonal weather prediction mode simulations were performed and these results are briefly discussed. In order for RCMs to be successful in a seasonal weather prediction mode for the summer season, it is required that the GCM provide a reasonable representation of the teleconnections and have a climatology that is comparable to a global atmospheric reanalysis.
Introduction
This paper is the second in a series investigating the summer climate of the contiguous United States and Mexico with a regional climate model (RCM). The previous paper (Castro et al. 2007 , hereafter Part I) described the climatological behavior of 53 years of summer simulations with the Regional Atmospheric Modeling System (RAMS) dynamically downscaling the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis (Kalnay et al. 1996) in a seasonal weather simulation mode. It was shown that the RCM added value to the representation of summer climate beyond the driving global reanalysis (GR) and compared favorably with the North American Regional Reanalysis (NARR; Mesinger et al. 2006) . The key improvement of the summer climate in the RCM is the presence of the diurnal cycle of convective rainfall due to the enhanced representation of the land surface boundary. This diurnal cycle governs the transitions associated with the evolution of the North American monsoon. The lower frequency modes of convective rainfall acted at a distance from elevated terrain. Here the RCM results are considered with respect to global modes of SST. The present investigation aims primarily to demonstrate the value added of a RCM in representing long-term climate variability in the summer season for the region. The potential utility of a RCM for seasonal weather prediction for the summer season will also be briefly discussed. A description of the RAMS model and setup for the RCM simulations can be found in section 2 of Part I.
There are numerous observational analyses that suggest a strong connection between North American summer climate and Pacific SSTs. While the Atlantic may also play a role (e.g., Sutton and Hodson 2005) , consideration of Pacific SST variability will be the focus of the analysis of the RCM results here. The study by Castro et al. (2001) shows a statistically significant relationship between tropical and North Pacific SST and the evolution of the North American monsoon system (NAMS). The strongest relationship to Pacific SSTs occurs at monsoon onset. These conclusions of Castro et al. (2001) are in agreement with similar observational studies, including Ting and Wang (1997) , Hu and Feng (2001, 2002) , Englehart and Douglas (2002, 2003) , Higgins et al. (1999) , Mo and Paegle (2000) , and Higgins and Shi (2001) . Also, the position of the monsoon ridge for wet and dry monsoons in the U.S. Southwest is generally in agreement with Carleton et al. (1990) and Cavazos et al. (2002) .
The likely explanation for the connection of North American summer climate to Pacific SSTs is via a midlatitude atmospheric teleconnection response, as demonstrated in idealized modeling studies by Trenberth and Branstator (1992) , Lau and Peng (1992) , and Newman and Sardeshmukh (1998) . The latter two studies conclude that the teleconnection response is maximized in late spring to early summer and related to forcing in the central and west Pacific. The time dependence of the teleconnection response is most likely related to the climatological evolution of the East Asian jet across the Pacific, as advection of the vorticity gradient creates an effective Rossby wave source in the midlatitudes (e.g., Sardeshmukh and Hoskins 1988) .
Atmospheric general circulation models (GCMs) have also been employed to investigate the boreal summer climate and its relationship to sea surface temperature. Hoerling and Kumar (2003) reproduced the atmospheric circulation conditions associated with the recent 1998-2002 drought in North America by varying SSTs in the tropical Pacific. Schubert et al. (2002) specifically tested the hypothesis that variations in the dominant modes of global SST produce global teleconnections in boreal summer. They executed boreal summer ensemble simulations with the NASA Seasonal-toInterannual Prediction Project (NSIPP-1) GCM forced with the dominant modes of global SST (for the period 1980-99) superimposed on the SST climatology. These modes are related to two global teleconnection patterns that are symmetric with respect to the equator in both observations and GCM simulations when a 3-month [June-August (JJA)] mean is considered. In a similar and more recent GCM study with the same model, Schubert et al. (2004) have related long-term (greater than 6 yr) rainfall variability to a pan-Pacific mode in SST and concluded it is the tropical part of the SST anomalies that has the most influence on the extratropical teleconnection.
The outline for the paper is as follows. Section 2 confirms that the original SST modes obtained by Schubert et al. (2002) represent the significant time varying modes of global SST. Once this fact is established, composites for the 53-yr RCM are constructed corresponding to these modes. Section 3 establishes that the summer teleconnection patterns associated with these modes vary in time, as in Castro et al. (2001) . Section 4 demonstrates how the RCM adds value in representing climate variability associated with the SST modes. A discussion and summary are given in sections 5 and 6, respectively.
Extension of the Schubert et al. global SST analysis
The original rotated EOF analysis (REOF; Richman 1986) of Schubert et al. (2002) on boreal summer SST is extended using the data of Reynolds and Smith (1994) to the period 1950-2000. The intent of the analysis here is simply to construct statistical composites to match those of Schubert et al. (2002) , not reinvent any SST modes or indices already widely used and documented. Shown in Figs. 1 and 2 are the first three REOFs of the 1950-2000 period and the normalized principal component (PC) time series. The REOF 1 and REOF 3 patterns match the two modes considered in Schubert et al. and are labeled Pacific "Variability Mode" 1 and 2, respectively, since their variation is confined there. REOF 2 appears as a new mode in the longer record, and it is labeled as the Tropical SST "Warming Mode" since it is associated with a global increase in tropical SST since the early 1980s of 0.25-0.5 K.
These REOFs are not statistically significant by standard tests of eigenvalue separation (e.g., North et al. 1982) . To establish that these patterns reflect significant time variation in global SST, a multitaper frequency domain, singular value decomposition (MTM-SVD) approach is used. The specific details and references for the method are included in the appendix. MTM-SVD analysis allows for the detection and reconstruction of quasi-oscillatory spatiotemporal climate signals that exhibit episodes of spatially correlated behavior and has demonstrated utility in a wide variety of geophysical applications . It produces 1) a local fractional variance (LFV) spectrum of the principal eigenmode; 2) statistical confidence intervals for the LFV spectrum; and 3) reconstructed SST anomaly (SSTA) patterns corresponding to the significant timevarying modes. Figure 3 shows the principal eigenmode LFV spectrum of boreal summer SSTA for the period 1950-2000. Two significant spectral peaks appear, an interannual band (3-4 yr) and an interdecadal band (greater than 22 yr). Identical analysis of the SST data of Kaplan et al. (1998) for the period 1900-2000, also shown in Fig. 3 , confirms that the decadal variability appears as a distinct spectral peak. The right-hand side of Fig. 1 shows the (in phase) SSTA associated with the significant spectral peaks in Fig. 3 , referenced to the central tropical Pacific (0°, 160°W). Their normalized time series is also plotted with the PCs for comparison in Fig. 2 . The interannual, intedecadal, and secular band SSTAs broadly correspond to the dominant modes obtained in the REOF analysis. The greatest discrepancy occurs for REOF 3, particularly outside the North Pacific.
The preceding analysis confirms that two of the dominant REOFs reflect the significant time-varying modes of Pacific SST. Pacific variability mode 1 is clearly ENSO. As in Zhang et al. (1997) , Pacific variability mode 2 approximately reflects decadal variability, and its variation matches cycles of drought in the central United States (e.g., McKee et al. 1999; Castro et al. 2001) , including the most recent one (Hoerling and Kumar 2003; Pielke et al. 2005) . It is probably not appropriate to refer to Pacific variability mode 2 as the Pacific decadal oscillation (PDO) as defined in Mantua et al. (1997) since the PDO is defined regionally within the North Pacific. The physical mechanisms for decadal variability in SST are not clear and not the subject of this paper. Hypothesized mechanisms include atmospheric forcing due to tropical SST variability (e.g., Alexander et al. 2002; Karspeck et al. 2004; Seager et al. 2004) , stochastic variability (e.g., Deser et al. 2003; Chiang and Vimont 2004) , internal ocean dynamics (e.g., Philander and Gu 1997), or some combination thereof (e.g., Schneider and Cornuelle 2005) . In any case, both of these modes reflect natural variability in the climate system. Though the "Tropical Warming Mode" is not distinctly separated from the interdecadal mode of SSTA in Fig. 3 , it deserves to be treated as a separate and distinct entity because 1) the recent warming in tropical SSTs has been documented and considered in prior studies (e.g., Levitus et al. 2000; al. 2004) and 2) it has been asserted that the warming may be due to anthropogenic climate change (Barnett et al. 2001 (Barnett et al. , 2005 Hansen et al. 2005) . The discussion in section 5 will provide further substantiation for the consideration of this mode based on the results presented in sections 3 and 4. Given the conclusion in Castro et al. (2001) that the most coherent summer climate patterns in western North America occur when a combined index of tropical and North Pacific SSTs is substantially high or low, Pacific variability modes 1 and 2 and the interannual and interdecadal bands of SSTA from the MTM-SVD analysis are averaged together (Fig. 4) . Henceforth this mode is referred to as the "Combined Pacific Variability Mode." It combines the interannual and interdecadal variability in Pacific SSTs and is very similar to the pan-Pacific mode of Schubert et al. (2004) . This mode will be used to consider the RCM simulation results for the observed years in section 4.
Each individual time series corresponding to the modes just described is used to construct a positive and negative composite of years (see Tables 1-4 ). The positive and negative composites consider years that exceed half a standard deviation of their given (PC) time series.
Though not included in the SST analysis, 2001 and 2002 are considered as being in the negative phase of Pacific variability mode 2 because of the aforementioned drought conditions in the central United States. The positive composite of the tropical SST warming mode is just the last 21 years of the record. Local significance of anomalies above the 90% level in the proceeding sections is determined by a two-tailed t test that considers the years within a given composite minus the remaining years. As in Livezey and Chen (1983) , field significance ( f ) is determined by a Monte Carlo procedure in which the subsets of years are randomly resampled 1000 times. The figures depicting results in sections 3 and 4 show the positive minus negative phase of the given composite divided by two.
Observed time-evolving SST-associated teleconnection patterns
The difference in the 30-day average NCEP-NCAR Reanalysis 500-mb height field about the date and corresponding statistical significance were calculated for the composites in Tables 1-3 The tropical SST warming mode (Fig. 7) is associated with an increase in 500-mb geopotential height (5-10 m) throughout the tropical atmosphere during the entire summer. The warming of the tropical atmosphere follows from the increase in tropical SST. Irrespective of the possible uncertainty in observed tropospheric warming (e.g., Mears et al. 2003) , the trend in tropical geopotential height shown here for the NCEP-NCAR reanalysis has been replicated in GCM simulations forced with observed SST for the period 1950-2000 (Kumar et al. 2004) , strongly suggesting that it is real. ENSO also causes a uniform warming of the tropical atmosphere, so the increase in geopotential height due to the tropical SST warming mode is likely weakening 1955 1957 1956 1958 1971 1961 1973 1963 1974 1966 1975 1967 1976 1968 1983 1969 1984 1978 1988 1980 1998 1982 1999 1986 2000 1987 2001 1990 2002 1991 1992 1993 1994 1995 1950 1951 1954 1953 1955 1957 1964 1963 1967 1965 1970 1969 1973 1972 1978 1976 1985 1982 1988 1983 1989 1987 1994 1991 1995 1997 1996 1998 1999 2000 1950 1982 1951 1983 1952 1984 1953 1985 1954 1986 1955 1987 1956 1988 1957 1989 1960 1990 1962 1991 1963 1992 1964 1993 1965 1994 1966 1995 1967 1996 1968 1997 1971 1998 1975 1999 1977 2000 1978 2001 1981 2002 the statistical significance of height anomalies in Figs. 5 and 6. Unlike Pacific variability modes, the tropical SST warming mode has no significant relationship to height anomalies in the midlatitudes during the summer.
Response of teleconnections in RCM-simulated fields a. Precipitation
Similar composites were constructed for the RCM 30-day average precipitation differences. The composites based on either Pacific variability mode 1 or 2 were not field significant at the 90% level for most of the summer. A more statistically significant result is achieved if the "Combined Pacific Variability Mode" composites (Table 4 ) are used as shown in Fig. 8 ; this makes sense given the teleconnection relationships shown in section 3. The modes associated with interannual and decadal variability constructively interfere with each other to produce the most coherent anomalies, consistent with the behavior for the winter season (Gurshunov and Barnett 1998) . The most significant RCM precipitation anomalies in Fig. 8 occur in the central United States (40-60 mm) and in the core monsoon region, defined in Part I as the U.S. . Time evolution of 30-day average NCEP-NCAR reanalysis 500-mb height anomalies (m) centered on the date through the summer season for Pacific variability mode-1 composites in Table 1 . Contour interval is 5 m. Shading indicates local statistical significance at the 90% and 95% levels. Significant positive (negative) anomalies are shaded dark (light). Field significance ( f ) of shaded areas is indicated on each plot. mm) and northwest Mexico (30-50 mm). These regions are oppositely related. The timing of the precipitation response is directly linked to the evolution of the teleconnections in Figs. 5 and 6, so the effect of the largescale forcing as provided by the NCEP GR acts to delay or accelerate the climatological evolution of the NAMS in the RCM. As the teleconnections wane, differences in RCM precipitation become insignificant. Another interesting feature is the reversal in sign of the precipitation anomaly in the U.S. Southwest through late spring into early summer. These results are entirely consistent with previous observational analyses (e.g., Castro et al. 2001; Mo and Paegle 2000) . Figure 9 is similar to Fig. 8 , but with the observed Climate Prediction Center (CPC) gauge-derived precipitation (Higgins et al. 1996) . Though the precipitation anomalies are not as large, the patterns and levels of significance at the period of maximum teleconnectivity in the contiguous United States are nearly identical to that obtained with the RCM. No significant anomalies exist in western Mexico however, and this is likely because of the poor observational network there, as discussed in Part I. No significant anomalies as in Figs. 8 and 9 appear in the NCEP GR precipitation (not shown). The failure of the NCEP GR to capture the interannual variability in North American summer precipitation makes sense, given its failure to capture the climatological transitions associated with development of the NAMS (as discussed in Part I). In their GCM study focusing on variability in U.S. Southwest rainfall, Ferrara and Yu (2003) ran simulations for the summer season with climatological SSTs and SSTs defined by FIG. 6 . As in Fig. 5 but for Pacific variability mode-2 composites in Table 2 .
wet and dry monsoon years. Similar to the results using the NCEP-NCAR reanalysis rainfall, they found little difference in precipitation generated by varying SSTs and therefore concluded that the variability between wet and dry years is due to internal atmospheric variability alone. A better representation of the diurnally forced convective rainfall within the RCM, as shown in Part I, and consideration of the time-evolving nature of the summer teleconnections suggests a different conclusion. The RCM precipitation anomalies associated with the tropical SST warming mode are shown in Fig. 10 . The RCM results indicate a general increase in precipitation over the last 20 years in the contiguous United States, particularly east of the continental divide, which does not appear to be time dependent, as in Figs. 8 and 9. Where the changes are statistically significant, the increase in precipitation is on the order of 10%-20%. The increase in rainfall is due to an increase in moisture, presumably from the Tropics, and not changes in the large-scale dynamics (see section 4b). Long-term increases in observed atmospheric moisture and precipitation in the contiguous United States have been documented in the latter half of the twentieth century (e.g., Karl and Knight 1998; Gaffen and Ross 1999; Durre 2006) . Stronger relationships between RCM precipitation and the tropical SST warming mode exist in Mexico, even more significant than those associated with the combined Pacific variability mode. The RCM results indicate that precipitation over the last 20 years or so has decreased west of the crest of the Sierra Madre Occidental (SMO) and increased east of the SMO FIG. 7 . As in Fig. 5 but for tropical SST warming mode composites in Table 3. during the peak of the monsoon there. The decrease is approximately 15% of the RCM climatological rainfall where it is statistically significant. Recent investigations by Cavazos (2006) and Gochis et al. (2006) confirm that there have been long-term decreases in both observed summer rainfall and streamflow in western Mexico. The same analysis for the observed CPC rainfall (not shown) did not produce results that were field significant at the 90% level, and this is most likely due to the poor quality of the long-term precipitation observations in Mexico.
b. Surface temperature and moisture flux
Since section 4a established that the greatest differences in precipitation occur at the period of maximum teleconnectivity (for the combined Pacific variability mode), just the 30-day average about 15 July is shown for the analysis of RCM surface temperature and moisture flux in Fig. 11 . The combined Pacific variability mode composite shows a positive relationship with surface temperature in Mexico and adjacent eastern Pacific Ocean and part of the southwest United States and a negative relationship in the northern Great Plains and Rocky Mountains, consistent with reanalysis temperature differences between wet and dry periods in the central United States found by Mo et al. (1997) . The temperature anomalies, as is the case for precipitation, mirror the changes in climatology from the monsoon peak minus onset period (see Part I). Temperature anomalies for the tropical SST warming mode show a decrease over the central United States due to the increase in surface moisture. While this decrease is small, it is statistically significant and consistent with station observations (Durre 2006) . A more significant increase in surface temperature occurs off the west coast of Baja California, due to the long-term increase in sea surface temperature there as realized by the year-specific SST in the RCM.
The average surface moisture flux anomalies are shown on the bottom panels of Fig. 11 . For the combined Pacific variability mode, the most significant differences occur in areas where low-level jets are present. There is a positive association with the Great Plains LLJ, with significant anomalies extending from the Caribbean Sea and Gulf of Mexico into the central United States and Midwest. The largest anomalies occur at the location of the climatological maximum of the Great Plains LLJ in Texas and Oklahoma (10 m s
). There is a negative association with the Baja LLJ in the northern Gulf of California. An increase in the strength of the Baja LLJ would direct more moisture into the Colorado River valley and Arizona (west of the continental divide). A very similar result was recently obtained in an evaluation of the Great Plains and Baja LLJs using a 50-km version of the NCEP Regional Spectral Model for the period 1991-2000 (Mo and Berbery 2004) , though in that case the total integrated moisture flux was considered.
A change in the mean strength of both LLJs as related to the combined Pacific SST variability mode should not be surprising given the changes in the atmospheric circulation and surface temperature. The Baja LLJ is fundamentally driven by the temperature gradient across the Gulf of California (e.g., Adams and Comrie 1997) and the mean temperature gradient would be decreased (increased) in years of high (low) phase of the mode. The most likely cause for the variation in the strength of the Great Plains LLJ is the interaction of the large-scale atmospheric flow with the topography (Byerle and Paegle 2003; Mo and Berbery 2004) , as this would be directly related to the teleconnection patterns. Stronger (weaker) zonal winds upstream of the Rocky Mountains have a leeside response in the form of a stronger (weaker) Great Plains LLJ. Mechanisms related to the surface forcing and rainfall within the RCM may also be affecting the GP LLJ. Greater latent heating associated with increased rainfall may lead to stronger ascent and southerly flow (Rodwell and Hoskins 2001) . Another possibility is that warmer daytime surface temperatures and less surface moisture (a higher Bowen ratio), which occur over New Mexico and the Mexican plateau, coupled with cooler 1950 1951 1954 1957 1955 1958 1956 1963 1964 1965 1970 1968 1971 1969 1973 1972 1974 1982 1975 1983 1976 1986 1981 1987 1984 1990 1985 1991 1988 1992 1989 1993 1999 1994 2000 1997 2001 2002 and more moist conditions to the east would intensify the terrain-induced pressure gradient and, hence, the LLJ (Mo et al. 1997 ). This agrees with the idealized modeling study of the Great Plains LLJ by McNider and Pielke (1981) . McNider and Pielke also note that cumulus formation to the east of the dryline in the Great Plains would enhance the baroclinicity.
The changes in the Great Plains LLJ in relation to the combined Pacific variability mode are very close to what has been observed in comparing dry and wet periods in the central United States using NCEP-NCAR reanalysis data (e.g., Mo et al. 1997) . Where RAMS adds more value is in the representation of the Baja LLJ in the Gulf of California. The area in the northern Gulf of California where significant anomalies are found contains only one or two grid points in the NCEP-NCAR reanalysis. As with other fields, the interannual differences in the LLJs associated with the FIG. 8 . Time evolution of 30-day average RAMS precipitation anomalies (mm) centered on the date for the combined Pacific variability mode composites in Table 4 . Contour interval is 10 mm. Shading indicates local statistical significance at the 90% and 95% levels. Significant positive (negative) areas are shaded dark (light). Field significance ( f ) of shaded areas is indicated on each plot.
combined Pacific variability mode mirror the changes that occur climatologically between the monsoon peak minus premonsoon period. They also mirror the change observed during a modeled Gulf surge event in RAMS, with increased winds in the Gulf of California and a more easterly component of the Great Plains LLJ (Saleeby and Cotton 2004) . RAMS tended to underestimate the strength of the Baja LLJ and associated gulf surges in these RCM simulations (see Part I), so it is likely that the actual surface moisture flux anomalies in this area associated with the combined Pacific variability mode are greater in magnitude and extend through most of the length of the Gulf of California. Nonetheless, the difference in moisture transport is sufficient to cause a significant change in U.S. Southwest rainfall (Fig. 8 ). Fig. 8 but for observed gauge-derived CPC precipitation.
FIG. 9. As in
The changes in surface moisture flux associated with the tropical SST warming mode are shown in the lower right of Fig. 11 . Unlike the combined Pacific variability mode, the significant changes in moisture flux over the contiguous United States are not due to changes in the LLJs. An analysis of the RCM winds and moisture considered separately (not shown) confirmed that these changes reflect the general increase in summertime moisture over the latter part of the record. The area in the domain where there is the largest decrease in moisture flux is off the west coast of Mexico south of Baja California (about 5% of the climatological mean). This is caused by the local decrease in the sea surface temperature gradient in this region, as indicated by the change in surface temperature. The long-term increase in sea surface temperature in the subtropical eastern Pacific off the west coast of Mexico (0.4 to 0.6 K) since the early 1980s is thus the cause of the significant decrease in RCM precipitation in western Mexico. Because the RCM incorporates year-specific SSTs, as mentioned, this result is due to a local change in the surface boundary within the RCM domain and not large-scale forcing by the GR. This also helps to establish a physical basis for the statistical relationship be- FIG. 10 . As in Fig. 8 but for RAMS precipitation anomalies for the tropical SST warming mode composite in Table 3. tween NAMS precipitation and eastern tropical Pacific SSTs, as noted, for example, by Carleton et al. (1990) .
c. Time-varying modes of integrated moisture flux convergence
In Part I, a method to spectrally decompose integrated moisture flux convergence (MFC) into its dominant time-varying modes using a spectral analysis technique was presented. MFC is considered because it is a proxy for convective rainfall. The weighted spectral power of MFC as the fraction of spectral power above climatological red noise in a frequency band was considered. Three distinct frequency bands were specified: a synoptic mode (4-15 days), a subsynoptic mode (1.5-3 days), and a diurnal mode. Here the interest is in the difference in spectral power, computed in the same way as composite anomalies shown in preceding parts of this section. This quantity is multiplied by the weighting factor (W ), so only areas where the climatological spectrum exceeds red noise are emphasized. This is referred to as the fractional difference in weighted spectral power.
As in Fig. 11 , only a date for the period of maximum teleconnectivity for the Pacific SST variability mode in July is shown in Fig. 12 for the combined Pacific variability mode and the tropical SST warming mode. The specific July date is chosen that approximately shows the maximum fractional difference in weighted spectral power. For the diurnal and synoptic bands this date is 15 July and for the subsynoptic band it is 4 July. Similar patterns of differences were observed from early to mid July. The statistical significance of the fractional difference in weighted spectral power is not assessed for the composites. This analysis is only intended to show that the spatial patterns of difference in the spectral bands correspond well with the statistically significant differences in precipitation already described. ) anomalies for combined Pacific variability mode composites in Table 4 and tropical SST warming mode composites in Table 3 at the period of maximum teleconnectivity (see text for details). Contour interval for temperature is 0.2 K and contour interval for moisture flux is 2 g kg Ϫ1 m s
Ϫ1
. Shading indicates local statistical significance at the 90% and 95% levels. Significant positive (negative) anomalies are shaded dark (light). Field significance ( f ) of shaded areas is indicated on each plot.
The combined Pacific variability mode is considered first. The diurnal cycle differences are the most important because this is where the RCM adds the most value in representation of summer rainfall (see Part I). The diurnal cycle is the dominant mechanism for rainfall generation in the U.S. Southwest and Great Plains, and the largest differences occur between these regions. Its intensity can vary up to 70% in years with differing FIG. 12 . Fractional difference in weighted spectral power of MFC for combined Pacific variability mode composites in Table 4 and tropical SST warming mode composites in Table 3 at period of maximum teleconnectivity (see text for details). Shown are the diurnal (1 day), subsynoptic (1.5-3 day), and synoptic (4-15 day) bands. Shading indicated by color bars.
phases of the combined Pacific variability mode. The demarcation between these regions with opposite signals is quite sharp and is roughly the continental divide. Given the changes already seen in the LLJs, this suggests that the continental divide provides a physical barrier separating the moisture coming from each lowlevel source. Thus, there can be large differences in the interannual variability of diurnal convection for distances smaller than the typical grid spacing of a GCM or GR (100s of km). The most striking example is in Colorado. The Eastern Plains and Western Slope regions of the state have strongly opposite signals. A higher nocturnal peak in rainfall in the high phase of the combined Pacific variability mode would correspond with more intense eastward propagating mesoscale convective complexes in the Great Plains, in agreement with Hu (2003) .
While the lower frequency modes of MFC have less weighted spectral power, their relationship to the combined Pacific variability mode is nonetheless just as striking and also consistent with the teleconnections. The subsynoptic component of MFC reflects convection occurring beyond the diurnal time scale from fastmoving synoptic weather systems or propagating mesoscale convective systems (MCSs) around the northeastern periphery of the monsoon ridge. Since these MCSs typically originate as diurnal convection over the Rocky Mountains, the variation in the MCS signal in the upper Midwest is consistent with the diurnal variation to the west. The weighted spectral power in the subsynoptic changes on the order of 20%-30% in Iowa, northern Illinois, Wisconsin, and Michigan. This area is approximately the location of largest rainfall anomalies in the contiguous United States in Fig. 8 .
The synoptic mode of MFC is related to the passage of large-scale, westward propagating disturbances (i.e., tropical easterly waves, inverted troughs, or tropical cyclones) around the southern periphery of the monsoon ridge. These cause periodic enhancement of the diurnal convection, which may propagate westward off the terrain and organize into MCSs in the core monsoon region. As with its climatology, this mode shows that the largest changes associated with the combined Pacific variability mode occur at lower elevation and it again varies as the diurnal cycle in the core monsoon region. There are two possible reasons for the change in spectral power in this mode. First, there may be a change in the strength of westward propagating disturbances, which trigger the convective bursts. Second, the strength of the easterly disturbances does not change but, because of the change in mean moisture transport from the Gulf of California, the disturbances trigger larger and more widespread convective outbursts in years with a low phase of the Pacific SST variability mode. The southeast United States is also noteworthy. In Texas, for example, variability in synoptic MFC behaves opposite to that of the diurnal mode, implying that the diurnal cycle and synoptic variability of rainfall are not linked there.
The changes in the variability of MFC associated with the tropical SST warming mode, shown on the right-hand side of Fig. 12 , match the precipitation anomalies in Fig. 10 . In this case, the largest and most coherent changes in the diurnal cycle occur in Mexico, not the contiguous United States. The clear dividing line between the regions with opposite signals is the continental divide along the crest of the SMO. To the west of the divide, the intensity of the diurnal cycle has decreased over the past 20 years by 30%-50%. The lower frequency modes show increases, owing to the general increase in moisture over the contiguous United States. The long-term increase in synoptic MFC over the Southwest may act to enhance rainfall during the latter part of the monsoon in August once the effect of the summer teleconnections diminish.
Discussion
A necessary prelude to the analysis of RCM results in this study was a characterization of boreal summer global SST and the relationship of its dominant modes to variability in the large-scale atmospheric circulation. An extension of the SST REOF analysis of Schubert et al. (2002) produced three dominant modes. Two of these modes correspond to known and statistically significant variability in Pacific SST at the interannual and interdecadal time scales. It is these naturally occurring modes that govern the position of the monsoon ridge over the continent at monsoon onset in late June and early July, as originally described in Castro et al. (2001) . This period defines the period of maximum teleconnectivity. These modes constructively interfere with each other, so the most coherent anomaly patterns occur when both are of the same phase. Similar teleconnections are generated in idealized modeling and GCM studies, including those of Schubert et al. (2002) as detailed in Castro (2005) . Consideration of the timeevolving nature of these teleconnections is essential to understanding summer climate variability in North America.
The remaining SST mode reflected a global increase in tropical SST, particularly after about 1980 or so. Was it fair to consider this mode as a distinct entity from the other two, even though it may not be clearly separated from decadal variability in the 1950-2000 record? We assert the answer to this question is yes for several reasons: 1) the cause of this warming has not been conclusively ascertained; 2) it is not associated with a timeevolving teleconnection in the midlatitudes, as are the other modes; and 3) most important, the effect on North American summer climate due to the change in eastern tropical Pacific SST is very distinct and statistically significant, particularly in Mexico.
In Part I, we demonstrated the value added by RCM dynamical downscaling in a Type-2 mode (Castro et al. 2005) to create the summer climatology of North America. The greatest differences between RCM and NCEP-NCAR reanalysis climatological rainfall occur in areas where the diurnal cycle of convection is the dominant rainfall mechanism, specifically the core monsoon region and the central United States. These are exactly the same areas that have the most statistically significant relationships between summer rainfall and Pacific SST variability. The changes in the strength of the diurnal cycle of MFC (Fig. 12 , upper left) associated with the combined Pacific variability mode dramatically show how the surface forcing interacts with the large-scale atmospheric dynamics (provided to the RCM) to organize the terrain-induced convective rainfall. Because a GCM or GR cannot capture this essential detail, their conclusions regarding summer climate variability in North America, and its potential predictability, may be incorrect. A specific example was provided in section 4 to illustrate this point.
In considering the effect of the recent tropical SST warming, the RCM especially added value to understanding how the change in the SST gradient in the eastern tropical Pacific off the Mexican coast may be impacting Mexican summer rainfall. In the RCM, a decrease in the SST gradient causes a decrease in the transport of atmospheric moisture from the eastern Pacific into western Mexico. Subsequently, a decrease in diurnally generated convective rainfall occurs west of the crest of the SMO. This effect is realized by the RCM representation of the surface boundary, and not by the influence of the larger-scale forcing by the GR. Because of the poor quality of long-term precipitation observations in Mexico this trend is not resolved in the CPC observations, but it has been confirmed in other investigations. The physical explanation the RCM results offer to understanding long-term trends in Mexican rainfall may be the most important result of the present investigation. Given the potential societal ramifications in terms of water supply and agriculture for this region, further investigation of this issue is warranted.
The results presented herein are only a statistical analysis of RCM simulations in a seasonal weather simulation mode, or Type-2 dynamical downscaling, in which an atmospheric reanalysis is used to specify the forcing to the RCM (Castro et al. 2005) . To establish the physical link to remote SST forcing, seasonal weather prediction (Type-3 dynamical downscaling) is necessary, in which the RCM forcing is provided by a GCM with specified SST. We did perform additional RCM simulations of this type, dynamically downscaling the aforementioned NSIPP GCM data of Schubert et al. (2002) . A complete description of these experiments and results is given in Castro (2005) , and here we briefly summarize the two main conclusions. First, the driving GCM should be able to produce a reasonable summer climatology, which we would define as being on par with a global atmospheric reanalysis. Second, the GCM must be able to reproduce the time-evolving teleconnections in Figs. 5 and 6 when forced with idealized SST distributions corresponding to the modes of variability in the Pacific. For the NSIPP GCM simulations, the "best" teleconnection response occurred for the positive phase of Pacific variability mode 2, as shown in Fig.  13 . A comparison of the dynamical downscaling results of the NCEP-RAMS and NSIPP-RAMS for this mode is shown in Fig. 14, corresponding to the analyses in the previous section (but only the positive phase of the mode shown in this case). Both sets of RCM simulation show an increase in precipitation in the central United States and a decrease in the core monsoon region; cooler surface temperatures in the northern Rockies and northern Great Plains and warmer surface temperatures in Mexico; a strengthened Great Plains LLJ; and a strong demarcation at the continental divide between areas with a stronger and weaker diurnal cycle of convection.
Finally, we would be quite remiss if we did not mention the potential impact of the land surface on North American summer climate variability. This includes antecedent snow cover (Gutzler and Preston 1997; Gutzler 2000; Lo and Clark 2002; Zhu et al. 2005) , soil moisture (e.g., Wang and Kumar 1998; Hong and Pan 2000; Pal and Eltahir 2001; Small 2001; Hong and Kalnay 2002; Kanamitsu and Mo 2003; Pal and Eltahir 2003), and vegetation (e.g., Pielke 2001; Lu and Shuttleworth 2002; Matsui et al. 2005; Adegoke et al. 2006 ). These effects have been evaluated in both observational and regional and global modeling frameworks in the aforementioned studies. Our future work with the RAMS model will use the present set of RCM simulations as a baseline to evaluate the influence of the land surface in different SST regimes.
Summary
Summer dynamical downscaling simulations over the contiguous United States and Mexico with RAMS from Part I were evaluated with respect to the three dominant modes of global SST. Two of these modes are associated with naturally occurring interannual and interdecadal variability in the Pacific. The remaining mode corresponds to the recent warming of tropical sea surface temperatures. Consistent with prior work, timeevolving teleconnections associated with Pacific SSTs delay or accelerate NAMS evolution. At the period of maximum teleconnectivity in late June and early July, there is an opposite relationship between precipitation in the core monsoon region and the central United States. Use of the RCM is essential to capture this variability because of its representation of the diurnal cycle of convective rainfall. The RCM also added value in representing observed long-term changes in Mexican rainfall and suggests that these are likely due to the recent increase in eastern Pacific SST within the model domain. An additional series of RAMS seasonal weather prediction mode simulations was also briefly discussed. These dynamically downscaled data from a GCM forced with the Pacific modes to establish the physical linkage to remote SST forcing. In order for FIG. 13 . Time evolution of 30-day average NSIPP GCM 500-mb height anomalies (m) centered on the date for Pacific variability mode-2 positive ensemble, from simulations originally described in Schubert et al. (2002) . Contour intervals and statistical significance as in Fig. 5. FIG. 14. Comparison of Pacific variability mode-2 positive phase at the period of maximum teleconnectivity for RAMS-NCEP composite (30-day average centered on 15 Jul) and RAMS-NSIPP ensembles (30-day average centered on 20 Jul). RAMS-NCEP composite years are defined in Table 1 . Anomalies of precipitation, surface temperature, surface moisture flux (MF), and diurnal MFC are considered the same as in previous figures in section 4. RAMS-NSIPP simulations are described in Castro (2005) .
RCMs to be successful in a seasonal weather prediction mode for the summer season it is required that the GCM have a climatology comparable to a global atmospheric reanalysis and provide a reasonable representation of the time-evolving teleconnections.
